There are limited studies on the fate and levels of endocrine disrupting chemicals in sewage treatment plants in Australia. Research undertaken in Europe and North America has shown biologically significant levels of both oestrogenic and androgenic chemicals in sewage effluent.
INTRODUCTION
There is currently much concern regarding the environmental consequences of endocrine disrupting chemicals discharged to the aquatic environment from sewage treatment plants (STPs) . These include the natural oestrogens (17b-oestradiol, oestrone, oestriol), synthetic oestrogen 
METHODS Sampling
In Table 2 the location, date and time of sampling at each sewage treatment plant are presented.
Sample preparation
All samples were prepared by filtering and extracting before analysis based on a method by Braga et al. (2005a,b) . This involved filtering 1 litre of sample through Whatman no. 1 filter paper before extracting using solid phase extraction (SPE). For the SPE procedure, LC-18 SPE cartridges (1 g) from Supelco, Sydney were used along with a Visprep 24-port SPE vacuum manifold. The cartridges were conditioned with 2 £ 10 ml of methanol and 1 £ 10 ml of MilliQ water. 1 litre of each filtered wastewater sample was then passed through the cartridges, before extraction with 10 mls methanol. All samples were dried under vacuum using a vacuum centrifuge and stored in the freezer before analysis. Each sample was reconstituted in 1 ml ethanol before analysis using the yeast screen bioassay. Blank samples (MilliQ water) and spiked samples (spiked with a known concentration of 17b-oestradiol and testosterone) were also prepared in exactly the same way as the samples and analysed using the yeast screen bioassay.
Analysis using the Recombinant Yeast Oestrogen and Androgen Screens
A yeast screen bioassay was used to test for oestrogenic and androgenic activity. The recombinant yeast strain was originally developed in the Genetics Department at Glaxo, UK for use in a test to identify compounds that can interact with the human oestrogen receptor (hER) or the human androgen receptor (hAR) (Routledge & Sumpter 1996) . It was passed on to Professor John Sumpter and his research group Routledge & Sumpter (1996) .
Assay procedure
The yeast assays were carried out in a type II laminar air flow cabinet to minimise aerosol formation. 4 £ 10 ml aliquots of each sample were transferred to a 96-well optically flat bottom plate (NUNC). Each plate used for analysis contained 4 £ 10 ml sample, at least one row of blanks (200 ml assay medium only) and one row of ethanol (10 ml ethanol water and 200 ml assay medium), as well as two rows of standard curve for 17b-oestradiol (concentration range 10 mg/l to 9.53 ng/l) or testosterone (50 mg/l to 195.3 mg/l) for the oestrogenic and androgenic assay respectively. 200 ml of the seeded assay medium (medium containing recombinant yeast and the chromogenic sub-
were then dispensed to each sample well using a multichannel pipettor. The plates were sealed with autoclave tape and shaken vigorously for 2 minutes on a titer plate shaker and read at 570 nm (for colour) and 620 nm (for turbidity) prior to incubation at 328C in a naturally ventilated heating cabinet. For the next two days, the plates were shaken vigorously on the plate shaker for 2 minutes, to mix and disperse the growing cells, read at 570 nm and 620 nm and returned to the 328C incubator. On the fourth day, after incubating for 3 days, the plates were shaken for 2 minutes and left for approximately 1 hour to allow the yeast to settle. The plates were then read at an absorbance of 570 nm and 620 nm using the plate reader.
The plates were left at room temperature and read again later to verify the results. Photographs were taken of each plate with a Nikon D50 SLR camera every day after each plate reading. For the androgenic assay, the assay plates were incubated at 328C for 48 hours and then incubated at room temperature and read when the data with the best contrast was obtained.
RESULTS AND DISCUSSION
After incubation, the control wells appear light orange in colour, due to background expression of b-galactosidase These samples were analysed for total oestrogenic activity and total androgenic activity.
turbidity the following equation was applied to the data obtained for each well:
Corrected value ¼ Chemical Absorbance at 570nm
2 ½Chemical Absorbance at 620nm
2 Blank absorbance ði:e: EthanolÞ at 620nm
An average value was then taken for the four results The results demonstrate that oestrogenic and androgenic activities are removed through the treatment process.
However, values as high as 6.46 ng/l TEquation (Old Bar plant) and 0.25 ng/l EEquation (Old Bar plant) were observed in the final effluent, which may be biologically significant since some studies have shown reproductive abnormalities in fish at ng/l levels (0.1 ng/l oestrogenic activity and . 1 ng/l androgenic activity) (Jenkins et al. 2001; Ellis et al. 2003) . It may therefore be prudent to identify the specific chemicals responsible for the observed biological activity, which may provide more information on toxicity and the source of the pollution.
It is highly encouraging that the MBR is capable of removing up to 87% of the oestrogenic activity and over 98% of androgenic activity from raw sewage samples. This plant will be the subject of further investigation, determining the efficacy of the MBR system for the removal of endocrine disrupting chemicals, pharmaceuticals and pathogens for reuse applications. This is of particular interest as a decentralised system with respect to water reuse.
A limitation of the current investigation is that the results obtained only represent the free and water soluble oestrogenic and androgenic components of sewage effluent
and not the components bound to particles and sediments.
It has been shown by other researchers that many of these compounds conjugate or bind to sediments and other particles. Johnson & Sumpter (2001) reported that sorption to sludge is likely to play an important role in the initial removal of these compounds during wastewater treatment.
Few studies, however, have monitored the fate of these compounds through the solids cycle during wastewater treatment. This is a significant knowledge gap.
Oestrogens have been detected in rivers, (Alder et al. 2001; Synder et al. 2001 ) lakes (Shen et al. 2001; Snyder et al. 2004 ) and the marine environment (Atkinson et al. 2003) . Sewage treatment plants and agriculture are considered to be the main sources (Kolodziej et al. 2004; Braga et al. 2005b) . Studies have also shown that oestrogens are sorbing to ocean (Braga et al. 2005b) , riverbed (Williams et al. 2003; Peck et al. 2004) , lake (Mibu et al. 2004 ) and estuarine (Thomas et al. 2004) sediments and that degradation is slow (Ying & Kookana 2003) .
Previous work by Braga et al. (2005a) examined the fate and levels of the natural and synthetic oestrogens in Australian inland and coastal wastewater treatment plants.
Levels of 17a-ethynylestradiol were undetected throughout which was later found to be due to its preference to bind to sediments and particles and greater adsorption 17a-ethynylestradiol was only identified in the solids fraction (i.e. 100% adsorption), whereas the extent of adsorption for oestrone in the effluent was 24% and for 17b-oestradiol was 43% (Braga et al. 2005a ). Other researchers have had similar findings on river sediments (Lai et al. 2000) . Layton et al. (2000) also have reported that up to 80% of the synthetic oestrogen 17a-ethynyloestradiol is bound to sewage sludge and thus removed from the aqueous phase.
Androgens have been detected in treated sewage (Kirk et al. 2002) and river water (Thomas et al. 2002) .
As with oestrogens, sorption to sludge occurs and could be the major mechanism involved in removing these compounds from the aqueous phase (Layton et al. 2000) . In comparison to oestrogens, there are limited studies on the effects of these chemicals on wildlife. However, studies have shown masculinisation of mosquito fish exposed to paper mill effluents containing ng/l levels of the steroid androstenedione (Jenkins et al. 2001; Ellis et al. 2003) .
A clear implication of the work by Braga et al. (2005a) is that enhanced primary treatment does not remove oestrogens and any large scale treatment using this technology may result in a considerable oestrogen load to the surrounding aquatic environment. In addition, as a proportion of the oestrogens remain adsorbed to particles, it appears that they are likely to aggregate and settle to the river or lake bed.
CONCLUSION
This study showed that the raw effluent in all sewage treatment plants operated by MidCoast Water contained biologically significant levels of both oestrogenic (0.58 -2.91 ng/l) and androgenic activity (216 -480 ng/l). Androgenic activity was significantly higher than oestrogenic activity which was attributed to the higher levels of androgens in domestic waste from human excretion compared to oestrogens. Secondary treatment removed the majority of the oestrogenic and androgenic activities (up to 99%) and UV disinfection removed varying levels of oestrogenic (19 -69%) and androgenic (5-55%) activities. A Membrane Bioreactor (MBR) at one of the STPs which consists of a WaterBoy MBR followed by electrochlorination removed over 87% of the oestrogenic activity and over 98% of androgenic activity from raw sewage samples.
However, levels which could possibly be biologically significant still remained after secondary and tertiary treatment (. 0.1 ng/l oestrogenic activity and .1 ng/l androgenic activity). Further studies will be carried out using Gas
Chromatography-Mass Spectrometry to determine the chemicals that are causing the activity and in ascertaining whether removal is by degradation or by sorption of the chemicals on the sewage sludge. The Membrane Bioreactor will also be the subject of further research, investigating it as an option as a decentralised system.
